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ABSTRACT: Investigation of flow separation and reattachment of 0.2% water-based TiO2 
nanofluid in an annular sudden expansion is presented in this paper. Such flows occur in various 
engineering and heat transfer applications. Computational fluid dynamics package (FLUENT) is 
used to study turbulent nanofluid flow in this research. Only a quarter of the annular pipe is 
developed and simulated as it has symmetrical geometry. Standard k-epsilon second order 
implicit, pressure based-solver equations are applied. Reynolds numbers between 17050 and 
44545, step height ratio of 1.82 and constant heat flux of 49050 W/m2 were utilized in the 
simulation. Numerical simulation results show that with the increase of Reynolds number 
increases the heat transfer coefficient and the Nusselt number. Moreover, the surface temperature 
dropped to its lowest value after the expansion and then gradually increased along the pipe. 
 Finally, the chaotic movement and high thermal conductivity of the TiO2 nanoparticles have 
contributed to the overall heat transfer enhancement of the nanofluid.  
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Nomenclature 
Cp Heat capacity, J/kg K 
D Diameter, m 
Hx Heat transfer coefficient, W/m2 K 
K Thermal conductivity, W/m K 
Nu Nusselt number 
q Heat flux, W/m2 
Re Reynolds number 
T  Temperature, °C 
U Velocity, m/s 
x local distance, m 
Dh Hydraulic diameter, m 
TiO2 Titanium dioxide 
L  Length, m 
Greek symbols 
ϕ  Volume fraction 
ρ  Density, kg/m3 
μ  Viscosity, Pa s 
β  Ratio of the nanolayerthickness to the original particles radius 
Subscripts 
 bf Basefluid 
nf Nanofluid 
p Particles 
f Fluid 
c Convection 
s Surface 
b Bulk 
1. INTRODUCTION 
Flow separation at a boundary surface happens when the flow stream lines (the closest stream 
line to the boundary surface) break or separate away from the boundary surface and then the flow 
reattached. If the boundary surface is a finite dimension, then flow separation is expected due to 
the flow divergence over the downstream edge and the fluid flows away from the surface 
(Chang, 1976). Large amount of the research on separation flow were performed on circular pipe 
and rectangular duct flow however little is studied about heat transfer and flow phenomena in an 
annular passage. Such information is crucial for improving the performance of parallel and 
counter flow heat exchangers.  
Also, the flow behind the backward-facing step is complex and includes different instability 
mechanisms, which the phenomenon after the step is illustrated in the Fig. 1 (Driver et al., 1987). 
An experimental have been conducted by Armaly et al. (1983) for an expansion ratio at 2 and 
downstream aspect ratio at 18. They concluded that a secondary recirculation region appears at 
the channel upper wall and the difference in primary recirculation zone length should be 
happened due to the secondary recirculation region destroying the two-dimensional character of 
the flow for Reynolds numbers more than 400 (Armaly et al., 1983). In addition, they reported 
that the behaviour of three-dimensional flow is transitional at the Reynolds range of 1200-6600.  
 Kaiktsis et al.(1996) studied two-dimensional simulations of flow for Reynolds numbers at 
2500 and expansion ratio at 2. They illustrated that all asymptotic flow states are steady in the 
abovementioned range of Reynolds numbers. The effect of the step expansion ratio on the 
reattachment length of laminar flow for Reynolds range of 33-600 was investigated by Thangam 
and Knight (1989). It was observed that the non-dimensional reattachment length increases with 
expansion ratio. Also, the dependence of reattachment length on expansion ratio showed the 
opposite behaviour for the turbulent regime (Ötügen, 1991). According to the review of the 
literature in the turbulent regime over a step, Eaton and Johnston (1981) showed five parameters 
that can influence the flow structure: (i) initial boundary layer state, (ii) initial boundary layer 
thickness, (iii) freestream turbulence level, (iv) pressure gradient and (v) aspect ratio of the 
channel. But, a majority of reported studies was focused on the flow structure, while the 
interpretation of the heat transfer expansion, in particular in turbulent regime, can be much more 
difficult. Thus, the purpose of the present research is to compute the heat transfer rate to 
turbulent nanofluid flow in annular pipe and also to investigate the effect of flow separation due 
to sudden enlargement. 
On the other hand, the mixture of different small particles in the basefluids have been used 
as a method to enhance the rate of heat transfer in various heat transfer instruments (Oon, Togun 
et al., 2012; Amiri et al., 2016). One of the reasons is the thermal conductivity of metal and 
carbon nanostructures exhibiting much higher thermal conductivity than those of the basefluids. 
Recently, nanofluids (mixing of nano sized particle with basefluid) have been widely studied and 
caught the attention of many researches (Shanbedi et al., 2014; Zubir et al., 2015; Amiri et al., 
2016). This is due to their promising properties like high thermal conductivity, stable and poor 
tendency to clog in microchannels.  
 Numerous researchers have studied the effect of different nanoparticles on the heat transfer 
performance of heat transfer equipment. Different nanoparticles such as copper oxide (CuO), 
aluminum oxide (Al2O3), titanium dioxide (TiO2), etc. have been used to produce nanofluids for 
heat transfer enhancement (Choi and Eastman 1995; Sohel et al., 2014). Lee et al. (1999) 
experimentally investigated the thermal conductivity of alumina/water, alumina/ethylene glycol 
and CuO/ethylene glycol. About 23% enhancement in the thermal conductivity of ethylene 
glycol was obtained by the researchers in the presence of CuO nanoparticles. Murshed et al. 
(2005) did a research in the thermal conductivity of TiO2∕water nanofluids. According to the 
results, there is a strong nonlinear correlation between the thermal conductivity and volume 
concentration of nanofluids.  
Some metallic oxide nanoparticles TiO2, CuO, etc have attracted many researchers in the 
field of heat transfer, because of their higher thermal conductivity and good dispersivity in 
different basefluids such as ethylene glycol, water and oils. The introduction of metal oxide 
nanoparticles into the common basefluids demonstrates a considerable enhancement in the heat 
transfer rate of these fluids due to increase in the interactions and collisions between the particle 
and basefluids (Dong et al., 2012; Jani et al., 2014). Heris et al. (2006) studied the convective 
heat transfer coefficient of Al2O3/water, Cu/water, and CuO/water nanofluids in a circular tube at 
constant wall-temperature condition and at laminar flow regime. The results showed that the 
convective heat transfer coefficient increased with the increase of Peclet number and 
nanoparticle concentration in the basefluid. Farajollahi et al. (2010) obtained the optimal 
concentration for TiO2∕water and Al2O3∕water nanofluids. Nguyen et al. (2008) investigated the 
heat transfer performance of Al2O3∕water nanofluids of different particle sizes and reported that 
as the size of nanoparticles increased, the heat transfer rates decreased.  
 On the other hand, some studies confirmed that nanoparticles with low particle 
concentration can considerably enhance the thermal conductivity of basefluids (Kwark, 2010). 
Among different metal oxide nanoparticles, titanium dioxide is selected as a promising and safe 
nanoparticle for human and is widely utilized for various issues such as biological, 
nanocomposite, and physical applications (Jayaseelan et al., 2013; Ohto et al., 2014). By looking 
at chemical activity, TiO2 can be used to prepare a brilliant physical and chemical stability in 
different basefluids without any surfactant as stabilizer, which is the main source for reducing 
extra problems in the thermal equipment. So, TiO2 with an appropriate dispersion can be a good 
subject to investigate. 
2. METHODOLOGY  
2.1. Design 
In order to investigate the rate of heat transfer of water-based TiO2 nanofluid in an asymmetric 
abrupt expansion computational fluid dynamic software (FLUENT) is chosen and utilized (Abu-
Nada, 2008). Figure 2 shows the length of the annular pipe 1300mm with an inner diameter of 
20mm. The red line along the outer pipe in the figure indicates the surface area heated at heat 
flux, q of 49050 W/m2. The step heights were created by changing the diameter of the entrance 
tube (d) to 33mm, which is equivalent to the step height ratios of 1.82.  
2.2. CFD Simulations 
The heat transfer and flow behaviour through sudden expansion in an annular pipe can be 
investigated using numerical simulation (Yu and Choi, 2003). Figure 3 illustrates the geometry 
meshed utilizing the FLUENT software. The meshing results include the statistic nodes of 43383 
and 74891 elements. Only a quarter of the annular pipe is drawn and simulated due to its 
symmetrical geometry. 
  Iterations were performed until their residual values dropped below 1∙10-4. Four distinct 
Reynolds numbers of 17050, 30720, 39992 and 44545 were selected to investigate in the 
simulation. All these Reynolds numbers fall in the fully developed turbulent flow region. The 
boundary condition for the inlet is set as velocity inlet. Both of the momentum and turbulent 
dissipation rate were set to second order upwind. Table 1 shows the computational conditions of 
the numerical simulation. Standard k-epsilon second order implicit, pressure based-solver 
equation is applied. The simulated fluid flow is treated as single phase flow rather that 
multiphase flow, the thermal physical properties of the nanofluid is important in this study. 
Thermophoresis effect is neglected in this study. 
2.3. Data Processing 
To investigate the influence of the TiO2 on the thermal properties of pure water, the heat transfer 
coefficient (Hx) have been considered. The local heat transfer coefficient (Hx) is calculated by 
using Eq. (1).  
 Hx = qc / (Tsx - Tbx)          (1) 
 where qc convective heat flux, Tsx surface temperature and Tbx local bulk air temperature. 
Reynolds number can be calculated utilizing the Eq. (2):  
Red = 𝜌f ∙ U ∙ Dh / µf          (2) 
where 𝜌f density of fluid, U velocity of fluid, Dh hydraulic diameter of the annular pipe and 
µf dynamic viscosity of the bulk fluid. The local Nusselt number (Nu) can be evaluated using Eq. 
(3): 
Nu = Hx ∙ d / Kf           (3) 
Where d is the diameter of pipe and Kf is the thermal conductivity of the bulk fluid.  
Table 2 shows the thermal and physical properties of TiO2 nanoparticles and water (Abu-
 Nada, 2008). The nanoparticles are capable of increasing the thermal conductivity of the 
basefluids. 
Thermal and physical properties of nanofluids such as thermal conductivity, specific heat, 
density and viscocity of nanofluids can be obtained by several suggested correlations (Pak and 
Cho 1998; Yu and Choi 2003; Drew and Passman 2006; Oon et al., 2014). The thermal 
conductivity of water-based TiO2 nanofluids can be calculated by using Eq. (4): 
 Knf = [(Kp + 2Kbf + 2ϕ (Kp – Kbf)(1 + β)3) /(Kp + 2Kbf – ϕ (Kp – Kbf)(1 + β)3)] ∙ Kbf   (4) 
where is the Knf is the thermal conductivity of nanofluid, Kp is the thermal conductivity of 
nanoparticles, Kbf thermal conductivity of basefluids and β ratio of the nanolayer thickness to 
the original particle radius. Generally, the value of β = 0.1, is selected in the calculation of the 
thermal conductivity of nanofluids. Equation (5) is utilized to calculate the density of nanofluids: 
 𝜌nf = ϕ𝜌p + (1 - ϕ) 𝜌bf           (5) 
where ϕ volume fraction of the nanoparticles, 𝜌bf density of basefluid and 𝜌p density of 
nanoparticles. Equation (6) is used to calculate the heat capacity of nanofluids: 
Cpnf = ϕCpp + (1 - ϕ) Cpbf        (6) 
where Cpnf heat capacity of nanofluids, Cpbf heat capacity of basefluids and Cpp heat 
capacity of nanoparticles. The viscosity of nanofluids is calculated by using Eq. (7) and only 
appropriate for the volume fraction less than 5.0 vol.%. 
µnf = (1 + 1.25ϕ) µbf           (7) 
where µnf viscosity of nanofluids and µbf viscosity of basefluids. 
3. Results and Discussion  
The graph of temperature versus distance for water-based TiO2 nanofluid and water were 
illustrated in Fig. 4. The numerical simulation was conducted at 1.82 step height ratio and 
 Reynolds number of 39992. Temperature curves of the water and TiO2 shown that there is a 
considerable drop in overall temperature as water-based TiO2 nanofluid is utilized. This 
phenomena can be explained by the increase in thermal physical properties and chaotic movement 
of TiO2 nanoparticles in the fluid. 
 Figure 5 shows the graph of heat transfer coefficient versus distance for water-based TiO2 
nanofluid and water. The results show sharp increment in heat transfer coefficient shortly after 
expansion and reduce gradually afterward. The overall heat transfer coefficient of the water-based 
TiO2 nanofluid is higher than the water. 
The graph of Nusselt number versus distance for water-based TiO2 nanofluid and water is 
shown in Fig. 6. The curves of the heat transfer coefficient and Nusselt number show similar trend. 
Water-based TiO2 nanofluid is observed to have higher Nusselt number compared to water, it can 
be due to the higher thermal conductivity of TiO2 in nanofluid. The maximum Nusselt number is 
obtained shortly after the expansion, that maximum point is also known as the flow reattachment 
point where to separated stream reattached and maximize the heat transfer. The overall Nusselt 
number of water-based TiO2 nanofluid is greater than the water. 
 The graph of surface temperature at the step height ratio of 1.82 with different Reynolds 
numbers are illustrated in Fig. 7. The results show a sudden decrease in temperature just after the 
expansion, which follows by a gradual increase along the tube. The flow reattachment occurs at the 
lowest temperature obtained along the pipe. The highest overall surface temperature is observed at 
Reynolds number of 17050 but decreases as the Reynolds number increases.  
Figure 8 shows the local heat transfer coefficient versus the distance of water under the same 
conditions. A sudden growth in the heat transfer coefficient is obvious shortly after expansion and 
when Reynolds numbers increases the overall heat transfer coefficient is also increased.  
  The graph of the Nusselt numbers versus distance for water at different Reynolds numbers 
were shown in Fig. 9. The Nusselt number and the heat transfer coefficient illustrate similar trend 
in this case. The increase in Reynolds number have contributed to the higher overall Nusselt 
number. 
 4. CONCLUSIONS 
In summary, increase in step height ratio and Reynolds number results in an increase in the heat 
transfer coefficient and Nusselt number. The surface temperature will drop to its lowest value after 
the expansion and then gradually increase along the pipe. Moreover, the minimum point of the 
surface temperature indicates the flow recirculation zone or reattachment point. The results also 
illustrate that the water-based TiO2 nanofluids provides higher heat transfer performance compared 
to the water. Water-based TiO2 nanofluids also present higher extent of the heat transfer coefficient 
and Nusselt number at the same condition such as step height ratio and Reynolds number. Finally, 
the chaotic movement and higher thermal conductivity of the TiO2 nanoparticles have contributed 
to the overall heat transfer enhancement of the nanofluid compare to the water. 
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TABLE 1: Computational conditions of the numerical simulations 
Computational conditions 
Density 1000 kg/m3 
Viscosity 1.7894 ∙ 10-5 Kg/m∙s 
Space/Time 2D/unsteady, second order implicit 
Residual error 1∙10-4 
Pressure 101 325 Pa 
Inlet boundary type Velocity inlet 
Outlet boundary type Pressure outlet 
Viscous model k & ɛ 
Interpolating Scheme (turbulence & momentum) Second-order upwind 
TABLE 2: Thermal physical properties of TiO2 nanoparticles 
Property TiO2 
nanoparticles 
Water as the 
base fluid 
TiO2 nanofluid 
(0.2%) 
Density (kg/m3) 4250 998.2 1004.7 
Cp (heat capacity, J/kg K) 686.2 4182 4175 
Thermal conductivity (W/m.K) 8.9538 0.6 0.6208 
FIG. 1: Flow separation and reattachment in a sudden expansion pipe 
FIG. 2: Schematic diagram of flow in an annular pipe with sudden expansion 
FIG. 3: Meshing of the geometry 
FIG. 4: Graph of temperature versus distance for TiO2 nanofluid and water 
FIG. 5: Graph of heat transfer coefficient versus distance for TiO2 nanofluid and water 
FIG. 6: Graph of Nusselt number versus distance for TiO2 nanofluid and water 
 FIG. 7: Graphical representation of temperature variation with distance for TiO2 nanofluid at 
different Reynolds numbers 
FIG. 8: Graphical representation of heat transfer coefficient variation with distance for TiO2 
nanofluid at different Reynolds numbers 
FIG. 9: Graphical representation of Nusselt number variation with distance for TiO2 nanofluid at 
different Reynolds numbers 
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